The inversion temperature of cristobalite prepared from pure precipitated silica gel was compared with that of less pure cristobali te, including material derived from quartz. All materia l~ showed a variabi lity in their inversion temperat ure which was d ependent on t heir thcnnal hi story. However, evidence s uggested that a s uji-ici ently extend ed heat treatment at high temperatures would in each case produce a uniform product with invarian t inversion temperatures attributable to the low-high and high-low invers ions. It is proposed that the variability of the inversion temperature can be rationalized in terms of three rate processes d ependent on t he temperat ure of heat-treat ment, viz., nucleation, ordering, and crystal growth. The effect of all other factors known to influence the inversion temperature is either to accelerate or retard the rate of one or more of these processes.
Introduction
Cristobalite, Lhe high temperature crystallin e form of silica, undergoes a rapid, I reversible inversion from a 10w-temporaLure Letragonal sLr ucL ure to a gh-temperature eubic str ucture accompanied by a volume expansion of about 3. 7 percent [1) .2 The inversion ha been obsenTed over a fa irl~-wide range of temperature a nd is cll aracteri zed by a hysteresis s uch that the inversion on cooling is invariably observed at a lower Lemper ature than on heaLing. The pec uliarities of the inversion h ave been invesLigated over a period of man.\-years, but no clear understanding of the causes of Lhe variation in the inversion temperature has been reached. Indeed, mu ch conflict of opinion has been expressed both in and among reviews of Lhe s ubject [2, 3, 4] .
No precise agreement on the range of the inversion temperature ex ists, but recen t investigators tend to quote values in the range of 200° to 280° C. However, the aut hors are not aware that a figure higher than 277° C has ever been observed. . Moreover, because many of the svstem s studied have b een neither homogeneou s noi· pure, it would seem more consistent to use a range extendin g from below 25° to 277° C, [or cubic cri stobalite has b ee n s hown to exist in opals even at room temperature.
The classical pict ure of the variability of the cristobalite inversio n stems from the work of Fenner [5] . However , h e raised many questions concerning the causes of the variability which still persist. Fenner investigated the possibility that the inversion temperature was dependent on the following variables: (1) Impurities within the material, (2) the thermal history of the material, (3) the source of the material (i. e., whether produced from quartz, tridymite, or amorphous silica) ,and (4) particle size. In r ecent years disorder within t he tructure has been added to this list. Furthermore, the postulation that more than one form of cristobalite exists has freq llently r ecurred.
Fenner believed that impuriti es were not responsible for the variabili ty, for he found a change in inversion temperature with h eat treatmen t for cristobalite produced from quartz of 99 .93 to 99 .96 I Ii is prohable th at this inversion is more accurately described as gradual· rapid . The high and low fo rms of cristobalitc have not been identified by the letters a a nd p, since these symbols ~1rC employed ambiguously in t he litel'aLW·C. 2 Figures in brackets ind icate the literature references at the end of this paper.
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p erce nt purity. More recently [6] , however, an apparent double inversion in cristobalite has been associated with the presence of impurities, and th e poss ibilit~T in F en ncr's work that the effect of impurities was ma k ed b y a larger eff ect due to tho nature of the so urce material (quarLz) should not b e overlooked. Th e temperature of formation of cristo bali te is th e variable most commonly as ociated with changes in its inversion temperature. Thus, Pierce and Austin [7] wer e able to s how that the inversion temperature (from the Lhcrmal expansion curve) of cristobalite along t he length of a used open-hearth furnace brick was almost lin early related to the temperature along the thermal gradient in the brick while in use. The high er the temperature at whi ch the cristobalite was formed or heat t reated, the high er was the inversion temperature.
The inversion Lemperature for the sam e h eat treatment has bee n r eported Lo be depend ent, in som e indefin ite way, on the so urce of t he sili ca. Th e experime ntal eviden ce is, however, again un certain , for alt hough Fenner reported that amorpllOu s sili ca yiclded a higher inversion temperature than quartz , Kondo , Yamuachi, and Kora [8] invariabl~~ found the opposite Lo occur. Various observers have noted that the state of s ubdivision of the quartz itself a:fl'ects the rate at which cristobalite is formed, 3 but nowhere in the literature is it suggested that th is fact alone makes direct comparison between the sources invalid on the "identical heat treatment" basis.
It is also invalid to associate changes in Lh e particle size of the cl'istobalite with its inversion temperature, unless it is first sh own that th e particles ar e th emselves th e fundamental units undergoing inversion. In fact , no suc h associat ion has yet been clearly demonstrated. Buerger (9) , arg uing from crystallograp hi c concepts, h as suggested that the correct variable in this context is clTstalli te size. If the crystallites are sufficiently small, then, clearl~T , a single particl e ma~T contain many of them. The surface of a cr ystall ite, itself, represents a high degree of disorder and if the surface: volume ratio is h igh, a lowering of the inversion temperature may be expected. Florke [10] , from X-ray intensity considerations and dilatometric studies, has recently related the degr ee of crystallinity (extent of disorder) to the h eat treatment and corresponding inversion temperature of vario us cristobalite sampl es. Cristobalite fired at lower temperatures had less sharp X-ray patterns, less marked expansion curves, and lower inversion temperatures.
Fenner speculated on the existence of more than one molecular species of cristobalite, and in 1926 W cil [11] r eported two inversions (175 0 to 195 0 C a nd 217 0 to 245 0 C) in the same sample. More recently Plumat [12] has also noted an apparent double inversion, and Grimshaw, ,Vesterman, and Roberts [13] repOl'ted the appearance and disappearance of two peaks in differen tial-thermalanalysis curves for a single sample subj ected to successive h eat treatments.
There have been very few attempts to associate any of the foregoing variables with changes in t he h yster es is of the inver sion temperature, even though the width of the h ysteresis appears to be as variable as the inversion temperature itself. Unfortunately, a number of r ecent investigatOl's have tended to r ecord inversion temperatures for the low-high inversion only, hence there is less data available on t he hys t eresis. However , there appears to be no consistent support for the suggestion of Sosman [2, figur e VII] that higher inversion temperatures yield wider hystereses. The only attempt known to the authors to explain the hysteresis on mechanistic principles is that of Mosesman and Pitzer [14] .
Th ey suggested that, on heating, a gradual rota tion of th e oxygen ions precedes the rapid alteration in bond length and direction. Th e rotation of the ions accounted for an anomalous rise in the sp ecific heat b efor e the rapid part of the inversion (accompanied b y a laten t h eat effect) was observed. It may b e postulated that, on cooling, the collapse of the structure from cubic to tetragonal symmetry canno t be effected until th e rotation has eeasod , and th e inversion temp erature on coolin g is, thorefore, low'or lower than on h eating.
In one of the reviews of t he subj cct Dodd [3] concluded with the remarks: "It would seem that further research is need ed based on very pure chemically precipitated silica subj ected to controllcd heat t r eatm en t under conditions precluding the possibili ty of contamination ." It is very difficul t to avoid minor contamination of powders at hig h temperature in any physically r ealizable furnace, but this investigation was an attempt to r edetermin e t he cristobali te inversion temperature in accordance with Dodd's suggestion , and to compare the behavior of ver y pure cristobalite with less pure material, including material derived from quartz .
. Preparation a n d Purity of Materials
General qualitative sp ectrochemical analyses of the various material s used in the investigation are summarized in table 1. These are analyses of . • Flame Photometer analysis for sodium indicated none present which was not also obtainable by a blank run. The sodium detected in t he blank nlll amounted to 0.00157%. QuantitatIve spectrochemical analysis indicated less than 0.002%. It seems probable therefore that lots D and E were as pure as lot A. source materials as received or as prepared, and t he compositions may h ave bee n modified sligh tly by subseq uen t h eat trea tment. Furthermore, deliberate impurity additions were mad e to some samples.
Our highest purity m ateri al was prepared by the hydrolysis of r edistilled tetraethyl or t hosilicate . Th e res ultin g gel was prep ared in five lo ts (des ignated Lots A t o E ), which wer e first beated overnight to 110° C to r emove m ost of the water . Th e lo ts were t hen crushed lightly in a n aga te mortar a nd hea ted for 24 hI' at 360 0 C to remove the las t tr aces of alcohoU Various impuri ties were added to individual samples of lots B to E . These , were added to th e extent of 1 mole percent of the substances given in tables of r esults (table 5), with th e excep tion of iron oxide for w-hich th er e w-as no cer tain ty as to its valency sta te in association wi th silica. Aluminum and germa nium oxides \ver e added directly as pow-del'S to th e silica gel, iron was added as t he oxalate, calcium as t he carbona te or th e phosphate, and the o th er elements as carbonates _ All addi t ions wer e in timately mixed 'lith th e ilica gel as fine reage nt grade powders b efore heat treatm en t .
The remaining samples of amorphous silica a nd quartz (table 1) were no t subj ected to any ch emical tr eatmen t before conversion to cristobalite. An analysis of a typical unused commercial silica brick is given for comparison.
Samples were heated to form cristobalite by a uniform procedure. They were placed in covered platinum boats. and heated at a steady rate of 2°/min in a P t-Rh wound mullite tube furnace un til some preselected maximum temperature h ad b ee n attained. Th e maximum temper ature was held for a specified time to within ± 5° C, when ce th e samples 'were cooled at 4° C/min unt il tile tempera ture had fall en to abou t 700° C. At this temperature th e na tural cooling r ate of th e furn ace became less than 4° /min and t he samples were permitted to cool at t he nat ural ra te to room temperature over a p eriod of 12 to 24 hI'.
After h eat tr ea tment the samples wer e ground to a fine powder (tbrough a 200-mesh screen ) wi th a n agate p estle and mortar. Th e par ticle size distribu tion of t hese powders was no t determined.
Minor devia tions from this general method of preparation were follo'wed wi t h a few samples in order to study special effects, or because of th e limited quanti ty of source ma terial available. S uch deviation s are given in th e sections 4 and 5 (R esults and Disc ussion) when t he inversion temperatures of such samples a re discussed.
3 . Appara tus a n d Experimen ta l Procedure
In r ece nt yea rs boLh X-ray a nd differential t hermal analyses have been added to t he earlier op tical a nd t hermal expa nsion methods of st ud~Ting L Il e inversion. B oth methods of analysis were use d , 'I'he prolonged, low·tcm perature heat trea.tment was necessary for t he removal of alcobol witbout decomposition to a black carbon aceo us d eposit . On ce formed the deposit could onl y be removed by prolonged heat treatment even a t 1,550° C. in t his investigation , and tb e r es ul ts were upplemen ted by observations wi th a h ot-stage microscope and an electron micr oscope.
Differ en tial thermal analysis (DT A) is a particularly useful r outine technique and has been employed t hroughou t this investiga tion. Bo th t he theory of the technique and its application t o th e cristobali te problem have b een r ecently r eviewed [15) , and will no t be described in detail h ere. Grimshaw and Rober ts [13, 15) , a nd o thers, have r eported that they wer e unable to ob tain r eliable inversion tempera tures on cooling by the DT A method. However , in this investigation i t was found t ha t, by using a specially designed furn ace, r eliable inversion temper at ures could b e ob tained bo th on heating and cooling.
Fig ure 1 shows th e all-copper furn ace which was constructed for the DTA apparatus. The furn ace was intended for use only up to 300° C, and no difficul ty with the oxidatio n of t he copper was experienced if t his tempera t ure was not exceeded . R eprodu cibl e and un iform heatin g rates could Llsually be obtained usin g a m anu ally con trolled varia ble tr a nsformer. Th e furn ace wa allowed to cool n aturally , wi t h t he heater power t urn ed off . The r ate of coolin g co uld be varied b~T ch angin g the furn ace in ul ation, or by smroun din g th e fllTn ace wit h a cold jacket . The cooling curv e t hus ob tain ed was not, of course, a straight lin e over wide r a nges of temperat ure, bu t could b e approximated to a straigh t line over t he limi ted range in which the in version occurred . In t he normal routine analysis of samples t h e insulation was as shown in figure 1 and yielded a cooling rate of abou t 4° C/min throu gh th e inversion r ange . The h eatin g rate was, th en , also set to approximate this fig ure.
As discussed in th e followin g sec tion (R esults), i t was found , r ather surprisin gly, t hat varyin g the h eating and cooling r at es gave significan t ch anges in t h e temperatures at which peaks occurred in th e differential-tempera ture (~T) curv e. The figure of 4° C/min represented a compromise which gave relatively high peaks which wer e yet broad enough to give fair details of the singularity or multiplicity of t heir stru cture. Very slow rates wer e difficult to con trol with precision, while rapid hea ting and cooling tended to sm ear out significant differences in inversion temperat ure wi thin a sample.
Results

.1. Differential Thermal Analysis
Some traces of DTA r ecords of particular inter est are shown in figure 2. The bulk of the DT A r esults are, however , best presen ted in tabular form and ar c given in the sequence of tables 2 through 7.
In interpreting the data from the ~T curves it has been assumed that peaks in these curves r epresent inversion temperatures. The difficulty h er e has b een that frequen tly no sin gle peak was ob tain ed with a given sample, nor yet just t wo (as has b een SAMPLE NO. previously r epor ted in th e li tera t ure [13] ) . In fact, certain samples p er sistently gave so ma ny peaks t hat it was difficul t to r esolve t hese from a continuous hump in th e ilT curve. There was abundant evidence that when two peaks occur close t oge ther on e peak influences the apparen t inver sion temperature indicated by the other . The sit uation was fur t her complicated b ecause samples which gave very sh arp, hi gh peaks on h eating through th e inver sion temperat ure often gave ver y skewed , double or eve n tr eble peaks on cooling . E xcept in cases where th er e was a definite skew in th e peak ob tained on hea tin g, i t was no t possible t o r esolve t he one p eak into two identifiable p eaks. Th e s ugges tion r emained that th e character of th e i nversion on h ea ting was differen t from tha t on cooling. This sugges tion was suppor ted bo th by th e r eadin ess wi th which thc inversion temperature on cooling was subj ect to variations no t attribu table to further high-temperature h ea t tr eatment, and by th e fact th a t inversion temperatures on cooling wer e subj ec t to greater flu ctua tions than inversion temperatures on h eating. - Further comment on th ese observations will be given subsequ ently, both in Lhis section and the following Discussion (sec tion 5). First, however, some comm ent on the validi ty of iden tifying p eak temperatures with inversion temperatures is warranted. Apar t from a consideration of the significance of the peaks as fundamen tal reference points, it is p ertinent to question whet her the peaks occurred at ( 10) 231 ( 13) l 265 (3) 24l ( invariant temperatures for given samples. vVith the eq uipment used in this investigation the temperatures at which peaks occ urred were reproducible to within less than 7~0 C for fixed h eating (or cooling) rates. However, peak temperatures could be raised 7° to 8° C by increasing the heating rate from ?~o to 35° C/min. Rapid cooling lowered the peak temperatures or suppressed higher temperature p eaks (53) 226 (5 1) } ._------_.
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24 1 (9) 219 per atUl e pClatlllf' in favor of lower temperature peaks. The heating and coolin g rates used for Lhe routin e analys is (4° C/min) gave peak temperatures which were abou t 2° C high er (or lower) t ban t hose obtained by t he slowest rates. Th e exact error involved in passin O' t hroug h the inversion rapidly was difficult to determine, however, b eca use of t he multiple peak character of t he L\T curve for ma n~T of t he samples .
For rapid , r eversible inversions t he r ecord ed inversion temperature should be independent of t he heating rate and i.d entical with t he temperat ure of a peak in the L\T curve []5, ]6, 17] (providing t he t hermocou pl es are lo cated at Lll e ce nter of the specimens). Cri stobalite is a substance whose individual crystalli tcs may all have r apid inversions, bu t not iden tical inversion temperatures. Alt hough the individual inversions ta ke place only over a limited range of temperature, it is poss ibl e t hat the temperature at which th e peal" in t he L\T curve occurs may be for tuitous and dependent llpon t be distribution of tbe inver sion temperatures among t he crystalli tes of t he sample. It was observed on a ho t-stage microsco pe that all t he crystalli tes of a sample do not, in fact , in vert at Lhe sam e temperatu re. (See also t he paper by C hakl ader and Roberts [18] ). It has bee n suggested by Hargreaves 5 t hat, as an alternative to using the peak temperature, t lle temperat ure at which t he L\T curve first deviates from its base line yields a temperature more characteristic of a sample. 'With the apparatus and samples used in this investigation t his temperature was 5° to 20° C lower t han the peak temperature on heating, and in order to justify its accep tance it was necessary to determine w'hether the temperature gradient through th e samples was negligible by comparison. An addi tional probing t hermocouple was inserted in to the outside of the cristobalite as , Private conversation . We are indebted to Dr. J . Hargreaves ( Research Laboratories of United Steel Companics, Rothcrham, England) for first suggesting t hese poss ibilities. H c has fur thcr noted t hat with samples he has prepared, the hystercsis ill t he inversion temperatm e is eliminatcd if th\s alternative cri terion is employed. W ithin ±2° C (the error beulg largely d uo to t he difllculty of locating t he precise temperature at which the llT eurve departs from its base line) many of t he heatulg and cooling curves resulting from this investiga-!.ion also show thi~ cffect (at about 250° C) . The effcct is, however, not consistent (and probab ly Quite fortuito us) . Hargreaves also fou nd, however, t hat by using t his criterion he was able to reconcile inversion tcmperatures detcrmined by DTA with t hosc obtai ned by Johnson and Andrcws by X-ray methods 11].
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shown in figur e 1. Th e temperature reg ister ed b~T t hi thermoco uple was th en recorded on a eharL along with the usual DTA data. It was t hus possible to observe t he temperature at which Lh e L\T curve first departed from its base line simultaneously with th e temperature of the probing thermo couple (fig. 3 ) . By this m ethod it was possible to show that the initial departure of th e L\T curve from its base line was associated with temperature gradients in th e sample, rather than with variations in the inversion temperature ( fig. 3) . Th e different inversion temperatures wer e fairl~T uniformly distributed throughout the samples. It was thus concluded that the peak in the L\T curve provided t he best es timate of th e inversion tempera t ure of a sample as a whole, no t·withstand ing the observation that no single temper ature could b e given for all the individ ual cr ystallites. Furthermore, it was, in general, desirable Lo correct for th e sig nifi ca nce of h eatin g rates in conver ting observed peak temperatures to es timated inversion Lempcl'aLures.
During th e course of th e inve tigaLion , i L was observed L lm t there were three extraneous factor involved in the experimcll tal procedure which were som etime sig nificant in determinin g t he inversion temperatures indicated by DTA.
It appeared possible t hat peak temperatures could be changed '1'he tcm peratm e gradient within th e sample is sboll'n by th e different tcmperatmes of the di fferential thermocouple (located in the centcr of t he sample) and
°0~------5~------1 0~------1~5------~2~0------~25
(1) by quenching samples from high temperature following heat trcatmcnt, (2) b y grinding the samples in the agate mortar after treatment, and (3) by cycling samples through the inversion in the DT A furnace . The first factor was taken care of in the experimental procedure by cooling samples at a controlled rate. The effect of quenching a sample from high temperature was, however , investigated using a portion of sample 70D (table 6). The peak temperatures obtained were not significantly different from those of the unquenched sample (70D), but there was som e small difference in the relative heights of t h e p eaks obtained on cooling.
The data given in the tables of results are not corrected for the heating rate because of the difficulty of knowing the exact correc tion for each sample. In any case, the error involved with many of the samples is believed to be slight. The peak heights are given in arbitrary units, intended merely to indicate their r elative heights.
It was not discovered until most of the samples had been analyzed that the process of grinding the samples for DTA had a significant effect on the p eak temperatures obtained. The effect during heating was slight and barely detectable in most instan ces. However , there was good evidence that the second (lower temperature) peak obtained during cooling was at least in part attributable to grinding. For example, sample 86D (table 2) when analyzed without first being crushed or ground gave a p eak on h eating at 270° C, and a single sharp peak on cooling at 244° C. Successive crushin g and grinding only slightly raised the h eating peak but gradually introduced a n ew lower temperature peak on cooling which ultimately becam e dominant ( fig. 2 ). This effect was noted with other samples, but not with t hose containing impurities. The results given in t h e tables are all for samples crush ed to pass through a 200-mesh sieve.
The third factor observed was th e antithesis of t h e foregoing, for with some samples the lo\ver temperature cooling peak co uld b e eliminated in f avor of th e higher temperature p eale This was achieved by cycling the temperature about the inversion points and observing the change in the p eak temperature durin g su ccessive cycles. The lower temperature peaks of samples 70D , 71D , and 72D (table 6) could all b e eliminated b y cyclin g th e temperature in this way. However , it was not possible to remove the skewn ess from sample 74D b y this techniqu e. Moreover , when cyclin g samples containing impurities, only a sligh t effect was noted , wlli ch was of doubtful significance. The peak temperatures given in the tables of results are for samples s ubj ected to a single h eatin g and cooling in the DTA furnace.
.2. X-Ray An a lyses
The purpose of t h e X-ray analyses was twofold. First, an attempt was made to ch eck the inversion temperatlll'e against observed changes in crystal structure ; second, samples with differen t inversion temperatures were examined at room temperature for variations in inher en t structure, order, and crystallite size.
The r esults of the inversion t emperature d eterminations are given in table 7. It will be noted that there is a difference in the inversion temperatures as indicated by X-ray analysis and DTA. Because, however , there is an inheren t difficulty of aCClll'ate temperatlll'e meas urement in most high-temperature X-ray cameras, t his lack of agreem ent is probably of little significance. Of p erhaps greater significan ce is the ran ge of temperature over which the inversion occurred, although, here again, some of this range may b e due to temperatlll'e gradients within the sample.
The r es ults of the structure and cr ystallite size investigations were dedu ced from counter diffractometer traces obtained by scanning over the angular r egion 28 = 5° to 162°. The studies were made at room temperature usin g samples 35B (DT A peak 268° C), 43B (DT A peak 254 ° C), and 9 (DT A peaks 242° and 260° C). No appreciable differences in low angle scattering (8 = 5° to 11°) were obser ved , indicating a crystallite size greater than lOA in all samples. Likewise, no significant differen ces in diffraction line intensities or peak positions were det ected , suggesting identical or ver y closely similar atomic packing in the crystallite r egions. Shifts in the X-ray diffraction patterns of th e type describ ed by Florke [10] were, therefore, no t a prominent feature of any sample . The width of the diffraction lines, however, varied markedly between th e samples, esp ecially at high angles. 6 The line profiles of sample 43B were wider t han those of sample 35B throughout the scanning range, the high-angle peaks being very diffuse (fig. 4) . The line broadening for t h e la tter sample was very little more than that attributable to the exp erimental technique, indicating crystallites of size larger t han 1000 A and of small internal strain . Attempts to , In F16rke's inyest igation [10] the diffraction patterns are shown only for low angles.
obtain the causes for the lin e broadenin g were based on a number of assumption s, none of which wer e fully justified, and whose cumulative errors preclud ed any reliable quantitative interpretation. N evertb eless, the followin g qualitative conclusions wer e almost certainly justified.
(a) The rate of broadenin g with Bragg angle was too great to be solely attributable t o t he small crystallite size in sample 43B . Significant crys tallite strains appear ed to exist .
(b) The ultimate crys tallite size was likely to be of the order of 50A.
(c) Th e r esul ts for sample 9 wer e similar to those for sample 43, with the possibility of a wider crys tallite siz e distribution.
Conclusions and Discussion
Following llucleation, further heat treatment :yields a progressive increase in the inversioll temperature until this reaches 266 0 C . The rate at which th e inversion t emperature increases is temperature-dependent; h eat treatment at 1,200 0 C for 384 h1' causes the inversion temperature to rise only to 251 0 C, wher eas at 1,375 0 C h eat treatment causes the inversion temperature to reach 258 0 C after 6 hI' and 26e o C after 12 hl'. It appears that the attainment of an inversion t emperature of about 266 0 0 r epresents the completion of the second process, wh er eby the freshly nucleated material dev elops well-ordered, strain-free crys tallites.
It was observed that the inversion t emperature of The r esults of the inves tigation even with the 266 0 C was a t tained after only 6 hI' h eat treatmen t very pure material retain a certain lack of r epro-at 1,400 0 C, but th a t more extended heat treatmen t ducibili ty and cl efini tud e. The lack of r epl'oduci-a t this t emperature (up t o 408 hI') did no t raise t h e bility was clearl~r inherent both in the nature of the inversion t emper atm e further. H eat treatment at samples (they were no t homogeneous with r espect hiO'her temper a tures, however , yielded a further slow to inversion temperature) and the exp crimental pro-rise in th e inversion temperat ure, th e rate of ri e cedure, and even t he most meticulous usc of the again apparently incr easin g with t h e temperature t echniques used in this investigation could hardly of heat t reatment. The high es t p eak tempera t ure eliminate it. Some gr ea ter derrnitude in t he r esults ob tained by DTA of this material was 272 0 0, but mi ght have been obtained if samples had been heat it is not unlikely that more prolonged h eatin g at high t reated longer , wh el'eas now probable tr ends alone temperatures would raise th e inversion t emper ature are indicated. It is, however , possiblc to draw a somewhat fur ther . That the slow rise in inversion number of conclusions which appear :justifLed by t he temper a tlU'e can b e associated with a r ate process r esults.
is clear , bu t it must b e admitted that t he proposal It is clear that Lh e most importan t variable asso-t ha t th e pl'oces is crys tal growth is based on little cia ted with varia t ions in t he inversion temperature more than spec ulation . The proposal does, howis th e tim e and temp erature of h eat tr eatment. In ever , seem a rca on able possibili ty and is in at least order to provid e some cohesion t o a discussion of the qualitative accord wit h t h e kn own slow growt h of variability of th e inversion tempera t ure in general, eristobaliLe crystals. it is first proposed t ha t the actual inversion temperaFrom t h e above br oad proposal it i possible to ture of the crystallite can b e associated wi t h t hree suggest t he effect of particular variables on th e rate pro cesses dep end ent on the t emperature of h ea t inversion t emperature. It is sugges ted that t h e trea tm ent. These processes are, first, nuclea tion of gen eral eHeet of impurities, th e source material, and t he cristobalite phase from th e source ma terial ; the crys tal or p ar ticle size is m erely to vary the r ate second, an ordering effect wher eby small, we11-of t he above processes. For it appears t hat all ordered, strain-free crystallites are developed ; and cri stobalite, from whatever source, and of whatever last, grain grow th from the well-ord er ed crys tals. purity, will ultimately invert a t the sam e temperaThat, within a polyerys talline sample, there will be t ure if s ubj ected t o a sufficiently ext ended heat an interplay b et\veen these processes is obvious. treatment. The result of ea ch process will be a n et loss of energy As far as rates are concerned, however, the effect. of the system and an observed increase in the inver-of even r elatively small amounts of impurity are sion temperature. It is believed that a careful study sig nificant, for the inversion temperatures of the of the effect of b eat treatment upon the inversion cristobalite prepared from r eagen t silicic acid (table 3) t emperature over the range 1,100 0 t o 1,700 0 C sup-are significantly diHerent from the r esults discussed ports the conclu sion that ther e arc three stages above. First , it will be observed that the iminvolved .
purities which were present in this m aterial a ccelerConsid er the temp era tures ob tained for th e low ated the nuclea tion of the eristobalite, since eristoto hi gh inversion with the samples prepared from balite was formed in only 3 hI' at a t emperature as t etraethyl orthosilica te (table 2) . (The higll to low low as 1,100 0 C . However, they r etarded the inven :ion will be discussed subsequ ently .) Up to orderin g process yielding DTA curves very t ypical 1,350 0 C, very little eri stobalite was formed during of the " two-peak" t ype which have been r eported short-term heating (6 to 12 b1'), but there was evi-b efore. Nevertheless, the end product of h eat den ee that freshly nucleated material in an amor-t r ea tin g t his material appears to b e identical with ph01.1S matrix inver ted a t t emperatures around the end product from t etra-ethyl orthosilieate. 225 0 C. It is believed t hat the gen eral concept of a Indeed , it is striking that two materials can yield tempera ture-depend ent ra te process for nucleation cristobalite samples which behave so diHerently 259 after low-temperature heat treatment, yet which are indistinguishable after high-temperature treatment. The effects of the deliberate impurity additions (table 5) were in general accord with the above remarks , but were more eomplex. With some impurities the attainment of a relatively stable end product was retarded, and with others accelerated. ,,ye did not obtain any evidence that the end produ ct of samples containing impurities was any different from that of the pure materials. Hence one may b e justified in concluding that cristobalite rejects impurities in its stru ct ure during h eat treatment at high temperature. The alkali ions N a, Li, and Ie each produced small DT A peaks which were attributable to trid.Ymite, but these peaks were not detected with any other impurity. "Ve have not attempted to relate the size or valency of the impurity ions to the magnitude or sign of t h eir effect on the proposed rate processes. At tjlis stage s peculation alone can suggest whether some of these would occupy interstitial sites in th e sili ca structure , substitute themselves for the cation , merel.\~ atta,ch themselves to the smface, 01' enter into n ew polycomponent system s. It ma.'~ be significant, however, that the Na20·A1203 and CaO·A120 3 impmities cont ributed a larger effeet than any other variable studied, b eca use aluminum plus an alkali or alkaline earth is known to su bstitu te for silicon in the sili ca structure. These impurities contributed DTA peaks as low as 178 0 C , but the possibility exists that some of the p eaks may be more properly attributed to impurity stabilized phases within t h e silica matrix. It should not be overlooked that tridymite itself may fit into this category.
A further important effect of the impurities C01I-cerns the number of DTA peaks obtained. It will be observed (table 2) that the sin gle peak character of the inversion was characteristic of the very pure material , with tho exception of one sJ,mple prepared at low t~mperatures. (We arc still discussin g the low-high inversion only.) On the other hand, impure specimell s tended to give a multipli city of p eaks which at times became difficult to resolve from a continuou s hump spread over 20° to 40° C. There seems to be no sou nd reason for in terpreting these peaks in terms of a number of different forms of cristobalite, unless substantial supporting evidence is produced . It would appear to be more probable that the appearance and disappearance of these peaks is associated with a lack of homogeneity within the sample in terms of the rat e processes previously described . The multiple peak character of the DTA curves ca n be attributed to a tendency for groups of crystallites within particular samples to reach distinct stages of development. Since impurities most commonly slow down that process following nucleation to which the inversion temperature is most sensitive, the spr ead of ilwersion temperatures should become more appa rellt . And it is wit h just those impUl'e sampl es in which the ordering process proceeds most slowly that the multiple peaks are most obvious.
It should be clear, in terms of a rate process interpretation of the variability of the inversion temperature, that cristobalite produced from quartz is not going to give the same inversion temperature as gel for the same heat treatment, unless identical e nd products have been obtained. Before cristobalite can be nucleated from quartz , there has to be a breaking of bonds within the stru cture, and this is, energetically speaking, a more difficult alld timeconsuming process than is encountered with the gel. Our results are in accordance with this expectation. In addition, the result of heating quartz to 1,700 0 C for 24 hI' s uggests that t he end product obtained is identical with that obtained from gel.
We turn now to a consideration of tbe high-low inversion . It has already been stated that the nature of tIle inversion on coo lin g indicated by DTA was different from that on h eating. The question ma.'~, however , be asked: was there a real difference, or were the observations merely inherent in the experimental proceclme?
It is believed the difference was real , first, because observations were apparently independ ellt of s uch variables as the DTA h eating rate which would be most likely to yield anomalies of this type. The probing thermocouple did not indicate that the magnitudes of the temperature gradients 011 heating were significantly different from those on cooling. Seco ndly, the X-ray data (table 7) also s uggested that the inversion on cooling was spread over a wider temperature range than on heating. Thirdl y , the inversion on cooling appeared susceptible to significan t variations ind epe nden t of any observable variation on heating. Furthermore , if the inversion is accepted as being of the gradual-rapid val'iet.'~ on heating it may, nev ert h eless, only be of the rapid variet.'! on cooling. It rna." well be that the rapid inversion of the high form is retarded until such time as s ufficient energy of rotation of the oxygen iens has been lost that all the structural changes within a crystallite can be effectpd at the same timl'.
On the basis of this in terpretation it is possible to suggest why two DTA peaks were obtained on cooling when only one p eak was obtained on heating. It ma\-be postillated that, on cooling, DTA is more sensitive to small structural inhomogeneities (su ch as strain induced by grinding) within the sample. That is, that inhomogeneities which are sm eared ou t, by the gradual onset of rotation on heating are nevertheless observable on cooling. :\1ore exact h eat-content data woulr1 be r equil-ecl to test this in terpretation.
Apart from the general anomalies obtained for tlJC high-low inversion, the variability of the inversion temperature was generally consistell t with proposals gi ve;). for the low-high inversion. There was a suggestion in the data that more prolon ged heat trea,tment at higher temperatures was redeveloping the lower temperature peak at the exp ense of tlw higher temperature p eak. However, no ready explana tion co uld be found as to why the peak temperature graduallv rose to about 244: 0 C and then fell off with the development of the low er temperatUl'e p eak, unless the more exte nsive heat treatment yielded samples
260
. which r equired more grinding and thus were su bjccted to greater strain. 7 The lack of homogeneiLy within samples, the limi tations of DTA techniques, and the anomalies obtained for the high-low inversion make an unequivocal identification of the temporatures of the inversion very difficult. Assuming that very slow heating rates yield a more accuratc correspond ence between peak temperatutes and truly represe ntative inversion temperatures, but that further heating of our samples would have sligh tly raised our peak temperatures, the best estima te we ean give for the lowhigh inversion is 270° to 272° C. This value is for samples of well ordered, well developed crystals, and is somewhat lower th an previously proposed maxima. Complete information on the h eating rates use d to determine inversion temperatures .has not always been given in th e litera ture. Indeed , it has b een supposed that indicated inversion temperatures ar e independent of h eating rates . In many in stances, however , heating rates of 15° C/min and gr eater havc been used and it seems probable t, hat apparent inversion temperatures in the range 270° to 280° Care attributable to rapid h eatin g rates. In this investigation i t has b een poss ible to obtain similar values by the u se of rapid hea ting rates with samples which yielded peak temperatures of 272° C or lower during slow h eating .
Similar consid era tion s arc pertinent to tIle ident ification of the temperature of the high-low inversion , although , in this case, we also have to contend with the anomalous multiple p eak character of the inversion. Neglectin g effects Which arc believed to be partially due to grinding, it appears that t he inversion on cooling is about 26° C low er than on heating, yielding a value of 244° to 246° C.
The au thors th a nk I-I. S. P eiser of the Bureau for his co ntribu tions to th e understanding of the structural varlations of our samples as indicated by X-ray analysis. David C. Ailion, now a graduate student at the U niversity of Illinois, also a.ssisted with t h e prepara.tion of the pure silica samples and wi th the routine differ ential thermal analysis. 7 The persistence of a Single, often skewed, low temperat ure peak at about 233 0 0 wa."l also common with samples derived from ql!a rtz.
